The demand for high-density memory in tandem with limitations imposed by the minimum feature size of current storage devices has created a need for new materials that can store information in smaller volumes than currently possible. Successfully employed in commercial optical data storage products, phase-change materials, that can reversibly and rapidly change from an amorphous phase to a crystalline phase when subject to heating or cooling have been identified for the development of the next generation electronic memories. There are limitations to the miniaturization of these devices due to current synthesis and theoretical considerations that place a lower limit of 2 nm on the minimum bit size, below which the material does not transform in the structural phase. We show here that by using carbon nanotubes of less than 2 nm diameter as templates phase-change nanowires confined to their smallest conceivable scale are obtained. Contrary to previous experimental evidence and theoretical expectations, the nanowires are found to crystallize at this scale and display amorphous-to-crystalline phase changes, fulfilling an important prerequisite of a memory element. We show evidence for the smallest phase-change material, extending thus the size limit to explore phase-change memory devices at extreme scales.
R epeated and reversible switching of phase-change materials, generally chalcogenide alloys, between the crystalline and the amorphous phase is used in commercial data storage products, such as compact disks (CDs), digital versatile disks (DVDs), and Blu-ray disks, based on their pronounced optical reflectivity contrast of the two structurally distinct phases. 1−4 Most recently, these materials have been identified for developing the next generation Phase Change Random Access Memory or PCRAM by academia and industry but were considered to have reached a minimum thickness size (i.e., for thin films) of 2 nm. 3, 5, 6, 8, 19, 20 The PCRAM relies on reversibly driving the phase-change compound between a highly resistive amorphous state corresponding to ones (or ON state) and a conductive crystalline state corresponding to zeros (or OFF state) via electric-field induced Joule heating. 4−7 We report here on the controlled fabrication of the thinnest phase-change material, possibly suitable for implementation in a matrix-addressed storage structure. 9 By exploiting the unique dimensions and the geometry of nanometer-diameter singlewalled carbon nanotubes (SWNTs), an ingenuous design for phase-change memory using carbon nanotube electrodes for switching has recently been demonstrated with a drastic reduction in operational power. 10 Also involving phase change nanowires and carbon nanotube electrodes, a memory device has been fabricated that shows very low programming currents and outstanding electrical characteristics. 11 Numerous phase-change materials have been developed previously with dimensionality ranging from thin films 12−14 to nanoparticles 15 and to nanowires. 16−18 As dimensions reduce, fundamental physical properties that render these materials suitable for nonvolatile memory applications, such as crystallization speed, melting temperature, thermal stability, electrical resistivity, and threshold voltage change. Previous studies have successfully validated favorable changes of relevant parameters with down-scaling, 5, 6, 16 however thermodynamic considerations limit the minimum bit size to 2 nm, 5, 6, 19 under which these materials do not display a change in the structural phase. Moreover, upper limits to the crystallization of thin films of 2 nm thickness have been reported experimentally. 3, 8, 20 Although phase-change nanowires have been proposed as viable alternatives to thin film counterparts, the diameters of the nanowires synthesized via a vapor−liquid−solid growth range between 200 and 20 nm, depending on the size of the catalyst particle, with the scaling properties only studied down to ∼20 nm due to technology restrictions in the synthesis of thinner nanowires.
We fabricate nanowires of GeTe, one of the most widely studied phase-change material, within the one-dimensional cavities of SWNTs with diameters of less than 1.4 nm. The central cavities of SWNTs have previously served as a template for engineering one-dimensional structures with novel coordinations and stereochemistries. 21 A wide range of organic, 22−25 as well as inorganic materials 26−28 have been encapsulated within the inner cores of SWNTs with no evidence of a phase-change compound encapsulation reported.
We demonstrate that GeTe can be encapsulated within SWNTs with diameters as low as 1.1 nm that may represent the ultimate size limit in exploring phase-change behavior in these materials at their smallest conceivable scale. Furthermore, we obtain the crystalline form of these systems at this scale and study their fundamental behavior in terms of the atomic structure directly correlated to the electronic properties of the encapsulated material, as derived from scanning tunnelling microscopy (STM) and photoelectron spectroscopy.
The methodology used in the preparation of GeTe-filled carbon nanotubes is described in detail in the Supporting Information Section.
High-resolution transmission electron microscopy (HRTEM) data reveal that GeTe has been effectively incorporated within SWNTs ( Figure 1a) and energy dispersive X-ray spectroscopy (EDX) analysis (Supporting Information section) indicates the presence of the filling elements Ge and Te within the sample. Additionally, the filled material was examined using scanning transmission electron microscopy (STEM) and representative images are presented in Figure  1b ,c.
In the bright-field images (Figure 1b) , carbon nanotubes appear with a contrast similar to that in conventional TEM images, whereas in the high-angle annular dark-field images (Z contrast images, Figure 1c ), the filling species that have high atomic number Z compared to the encapsulating C are imaged as discrete, bright wires due to stronger incoherent scattering of the electrons. Within the inner cores of the nanotubes, GeTe forms continuous nanowires with lengths up to a few hundred nanometers. On the basis of a statistical analysis of the TEM data, a filling yield in excess of 80% has been estimated. As indicated by white arrows in Figure 1a , variable crystallization is found, correlated with the nanotubes diameter. For SWNTs with diameters of 1.4 nm, disordered GeTe is obtained, whereas for tubules with diameters of less than or equal to 1.3 nm, crystalline GeTe is observed.
A useful precedent for the diameter-controlled crystallization of amorphous materials was published previously 29 when the formation of amorphous and then glassy eutectic mixtures of (KCl) x (UCl 4 ) y was observed within the internal bores of multiwalled carbon nanotubes greater than ca. 1.6−2 nm (amorphous) and less than this diameter crystalline.
Energy minimization conditions within narrow and wide diameters (due to different boundary conditions) will perhaps dictate the end structure so that the crystalline one is more favorable to form in narrow tubes and the disordered structure is favored within the wider nanotubes. However, a rigorous answer as to why a particular structure is favored within a certain range of diameters would only be possible with the aid of density functional theory (DFT) calculations.
Furthermore, for the crystalline case we observe different crystal structures depending on the size of the encapsulating nanotube. A first example is given in Figure 2a that shows the formation of a two-atomic-layer-thick crystal of GeTe within a 1.3 nm diameter SWNT.
As illustrated by the structural model in Figure 2b , the dark spots in the HRTEM image correspond to alternating Ge and Te atoms, maintaining an average periodicity of ∼0.35 nm along the SWNT axis, consistent with d −111 of bulk cubic GeTe. At room temperature, the bulk GeTe crystal has rhombohedral (distorted rocksalt) structure, which changes to the cubic (rocksalt) structure at high temperatures (above 670 K) by relaxing the slightly distorted angle (∼88.35°) between the face-centered rhombohedral unit cell axes to the undistorted 90°. 18 GeTe thin films with thicknesses between 1−3 nm are not crystalline in free space, while the rocksalt form of GeTe observed within the encapsulated SWNTs under its forced boundary conditions appears to be stable at room temperature.
The impact of the confinement is also reflected by the modified atomic spacing across the SWNT capillary, observed to increase to 0.4 nm, as highlighted in Figure 2a . Lattice spacing expansion has been reported previously for materials confined within the inner cores of carbon nanotubes. 26−28 This expansion may in part be due to relaxation of the crystal structure in a "too-large" SWNT but could also be due to partial intercalation of the crystal that may also precipitate a different phase forming.
The crystal in Figure 2a appears to be a hybrid between the 2 × 2 GeTe structure as derived from the rocksalt form of this material (the region indicated by the white rectangle in the figure) and the next thickest crystal. Different crystal structures (even for the same material) can be templated by different diameter SWNTs. This is probably because of the effect of the SWNT diameter-regulated crystal growth that can also occur for ordered crystals as described in several theory papers 32 and in the work of Sloan et al. 33 that includes some experimental examples.
Another explanation as to why the top part of the nanotube in Figure 2a looks disordered is that there is a competing effect between the so-called radius-ratio rule (which governs which particular structure type forms for a simple binary halide) and also the confinement effect induced by the small diameter of the encapsulating single-walled carbon nanotube. The top part of the crystal in Figure 2a is probably a slightly expanded 2 × 2 crystal that is in effect accommodating a line-defect of an extra column of atoms in the middle and this is what is causing the disorder at the top of the image.
The possibility of an interface between two crystal growth forms (i.e., between the top and the bottom of the tube) cannot be ruled out either.
As a result of the confinement, we also observe a reduction in the net coordination with respect to the bulk structure, highlighted by the structural model in Figure 2b , and as previously observed on 2 × 2 crystals encapsulated within SWNTs. 28 The rocksalt form of GeTe has octahedral (6:6) coordination in bulk, 30, 31 which is reduced to tetrahedral (4:4) coordination upon encapsulation within SWNT capillaries, possibly responsible for the observed increased spacing of 0.4 nm across the nanotubes.
A further example of GeTe crystal observed within an even narrower SWNT of 1.1 nm diameter is presented in Figure 2d . The GeTe crystal is viewed along its [211] direction and this time it displays the distorted rocksalt (rhombohedral) variant of bulk GeTe. In bulk, the distortion induces the formation of distorted octahedrons with each Te atom surrounded by three Ge at 0.28 nm and three Ge at 0.32 nm. 31 Both the short and long Ge−Te bonds reproduced by the structural model presented in Figure 2e are found in the observed experimental structure by HRTEM, although the values are slightly expanded in each case to 0.30 and 0.32 nm, respectively, possibly as a result of the influence of the nanotube walls.
All of the GeTe nanowires within nanotubes of diameters below 1.3 nm investigated in this study appeared to be crystalline.
To extract information on the electronic behavior of the encapsulated nanowires, scanning tunnelling microscopy has been applied to GeTe-filled carbon nanotubes and the results are depicted in Figure 3a , showing an atomically resolved image of an individual filled SWNT.
Atomically resolved images of SWNTs allow for the determination of the chiral angle, θ, which gives the orientation of carbon hexagons with respect to the nanotube axis, and of the diameter, d, of the tube, both being linked to the structural indices (n, m) and the electronic structure of the nanotube. 34 The best description for the filled nanotube shown in Figure 3a is given by the chiral indices (15, 5) , calculated using (1.40 ± 0.10) nm for the diameter and (14 ± 1)°for the chiral angle, and thereby expected to be semiconducting in nature. It is interesting to note that the atomic structure of the SWNT presented in Figure 3a does not show the well-known honeycomb structure of carbon hexagons, and instead an outlined structure similar to a Moire pattern, formed by the overlap of the carbon lattice with that of the encased material is observed. 51 The Moire pattern observed here is due to the difference in the lattice constant of GeTe compared to that of the nanotube, which could modify the electronic coupling between the two constituents, causing the changes in conductance seen by the STM. The observed Moire pattern is an indication that in this particular case the GeTe filling has an ordered structure inside the nanotube.
The electronic properties of carbon nanotubes have been shown to be dependent on their atomic structure 34 and this is furthermore reflected by the tunnelling spectra recorded simultaneously with the STM images, using scanning tunnelling spectroscopy (STS). In STS experiments, the current is recorded as a function of the bias applied to the sample to yield the normalized differential conductance, (V/I)*(dI/dV), which is proportional to the electronic local density of states (LDOS). 35 As indicated in Figure 3b , the normalized differential conductance contains sharp peaks, representing the theoretically predicted van Hove singularities (vHs), a clear signature of the LDOS spectra of a 1D system. A detailed analysis of the experimental tunnelling spectra reveals the peaks corresponding to the theoretically predicted van Hove singularities of a (15, 5) tube, but some extra peaks can be identified, highlighted by the vertical lines in Figure 3b . Since the GeTe inner filling is one-dimensional in nature, it is expected to also display van Hove singularities, commensurate with its 1D electronic structure. The theoretically predicted peaks for a carbon nanotube with chirality (15, 5) were obtained by using density functional theory with local density approximation and made available by Akai and Saito. 36 The peaks associated with the GeTe filling correspond to contributions in the experimental spectra that could not be matched to peaks in the calculated DOS of the (15, 5) nanotube. 38 The poor agreement between the calculated DOS and the experimentally observed data for the filled nanotube could be an indication that the interaction between the nanotube and the filling gives rise to an altered overall electronic structure that, in the low-bias regime, cannot be regarded as the simple overlap of the band structures of the two constituents.
To further probe the interaction between the nanotubes and the filling, ultraviolet photoelectron spectroscopy data has been taken, at an excitation energy of 21.22 eV (He I). These measurements reveal no energy shift of the π-bands of the filled sample with respect to the pristine SWNTs, suggesting the absence of charge transfer between the tubes and the filling, and furthermore showing that the electronic properties of the filled nanotubes and those of the pristine, unfilled nanotubes are not affected by each other's presence. According to a rigid band shift model, the electron transfer from the nanotubes to the filling material would lead to a shift of the Fermi level toward the valence band. 37 The absence of an energy shift means that the electronic structure of the composite can be regarded simply as the overlap of the nanotube states and those of the GeTe filling. It should be noted, however, that UPS is a spatially averaging technique, whereas STM has the ability of probing the local electronic structure at the atomic scale; this could be the reason for the apparent discrepancy between the UPS and the STM observations.
If we assume minimum interaction between the nanotube and the filling, the extra peaks in the experimental DOS can be assigned to GeTe filling, enabling us to estimate a band gap of 0.3 eV associated with the filling, based on the first van Hove singularities at the onset of the valence and conduction band in the tunnelling spectrum. A 0.3 eV value is close to the expected electrical band gap of bulk GeTe. Previous transport studies show that bulk crystalline GeTe is a narrow-band gap semiconductor with an electrical band gap of 0.1−0.2 eV, whereas amorphous GeTe yields an energy gap of 0.8 eV. 39 A recent ab initio molecular dynamics study of GeTe ultrathin films 40 finds that the amorphous film shows a band gap when the film is scaled down to about 3.8 nm (12 atomic layers) but as the film thickness decreases the band gap of the amorphous material disappears (due to overlap of metalinduced gap states near the metal electrodes). The same study 40 shows that GeTe crystalline films in the same size scale show no band gap and the conductance is dominated by the electron transport near the Fermi level.
As previously calculated for the case of carbon nanotubes filled with HgTe, 21 one would expect a larger band gap for GeTe, induced by the extreme confinement within the nanotube than what is currently observed by STM. Bulk HgTe is a semimetal with a band gap of −0.3 eV and DFT determines the bandgap of confined HgTe within the nanotube to be +1.3 eV. It is also known that DFT underestimates the real band gap by ca. 30%, so the band gap value should be even larger.
The assignment of a 0.3 eV band gap for the GeTe filling is done based on the assumption that the overall structure is simply the overlap (the sum) of the two individual band structures, that of the GeTe filling and that of the encasing Nano Letters nanotube. However, this is only valid if the interaction between the nanotube and the filling is not sufficiently strong as to lead to drastic changes in the overall electronic structure of the hybrid system, which is what the STM "sees". The band gap of the encapsulated materials is an aspect that needs further investigation coupled with DFT calculations of the particular structure presented here for a definite conclusion to be formulated.
It is interesting to observe that Figure 3b shows the Fermi level of the hybrid system inside the band gap, unlike bulk GeTe where the Fermi level is inside the valence band due to defects in the form of Ge vacancies, responsible for the p-type metallic conduction. The current STS observations could possibly indicate that Ge vacancies are no longer the stable defects at such extreme dimensions. On the other hand, charge transfer between the nanotube and the filling might counteract the shift of the Fermi energy to the valence band for the encapsulated GeTe and show this within the band gap. However, as highlighted in a recent study of encapsulated polyoxometalate ions (n-type dopants) in carbon nanotubes 41 the most rigorous approach to this problem would be a DFT analysis of trial GeTe fillings with the (15,5) SWNT to investigate the electronic structure of the filling.
For applications such as data storage devices, one of the main requirements is that the phase-change compound reversibly changes phase. In the current study, in situ electron-beam irradiation in TEM was used to assess whether the encapsulated GeTe system is structurally affected by the energy of the beam. The highly energetic electrons of a TEM beam can lead to various structural and chemical modifications due to local temperature rise or knock-on damage related effects, depending on the energy of the beam. Physical transformations in materials, 42 conformational changes, and the motion of molecular nanomaterials, 43, 44 as well as dynamic processes such as thermal expansion and solid-state diffusion have been examined in real time by TEM. 45 Our investigations take advantage of the aberration-corrected capabilities of both a STEM and TEM, operated at low acceleration voltages of 80 kV, below the knock-on structural damage of the sp 2 carbon bonding. This is shown to induce reactions in the encapsulated material, without producing significant damage to the nanotube host. 46 A sequence of five experimental STEM images of GeTe encapsulated within a SWNT, obtained at intervals over a period of 100 s, is shown in Figure 4a −e.
Under the influence of the electron beam, the filling is observed to move back and forth within the nanotube, sometimes creating mobile voids that change size, open, and close, as illustrated by the image sequence in the panels below.
Not all encapsulated nanowires show void formation, as in some cases the filling appears to be stable under the electron beam, suggesting the presence of defects on the surface of the nanotubes as a possible cause for the observed motion of the encapsulated material.
The flow of the filling, sometimes involving the back and forth oscillations of the entire nanowire, is also observed under TEM, which allowed us to investigate the filling within the nanowire in considerable detail and to assess whether the movement involves structural rearrangement upon electronbeam irradiation. The effect of local heating induced by focusing the electron beam under simultaneous TEM observation is illustrated in Figure 5 . Figure 5 shows a series of representative HRTEM images of an "L" shaped SWNT host containing GeTe filling, selected from a video recorded over a period of 20 min with 4 frames per second at exposure time of 0.2 s. (For the entire movie see the Supporting Information section.) The difference in contrast inside the two orthogonal segments of the nanotube in the initial image (Figure 5a ) highlights the presence of the filling material.
The fast Fourier transform (FFT) of the filled segment ( Figure S1 in Supporting Information section) shows reflections associated with the encapsulating nanotube and the absence of structure associated with the filling material, suggesting that the encapsulated material has undergone a phase transformation to an amorphous state, driven by atoms rearrangement under the influence of the electron-beam.
The movement of the filling material along the inner walls of the encapsulating nanotube is constantly observed by TEM, throughout the entire duration of the e-beam-irradiation process (Figure 5b−e) . After approximately 1.5 min irradiation time, the filling starts to show the same oscillatory movement observed in the STEM of void formation and closing. The filling separates into two sections (Figure 5b ), which rejoin in the next consecutive frame (Figure 5c ), taken at 4 s intervals. In Figure 5d ,e, the molten core starts to move upward and a portion of the filling, indicated by the white arrow, becomes visible at the top end of the vertical segment of the nanotube.
Similar movement phenomena have been previously observed in other core−shell heterostructured systems, such as Sn-filled In(OH) 3 nanotubes, 47 Sn-filled ZnS nanotubes, 48 or C 60 molecules encapsulated within SWNTs. 44 A possible explanation could be that the movement is due to charge fluctuation effects, as previously observed by Iijima et al. 49 for the case of 2 nm diameter Au nanoparticles subject to intense electron-beam irradiation with the rate of movement increased by a decrease in the contact area of the particle with the substrate. In our case, the movement is also intensified for nanotubes lying over the voids of the holey carbon grid substrate, where the heat dissipation occurs only through the tube itself and therefore it is expected to have a higher local temperature when irradiated.
Loss of filling material becomes evident in panel f of Figure 5 , where no filling is observed in either of the two orthogonal branches of the nanotube, being only present at the bend region, indicated by the white circle, where it remains for the last 10 min of the electron-beam irradiation experiment. Loss of material could be due to solid-state diffusion along the nanotube and transport through one or both open ends of the host nanotube. It is possible that the encapsulated nanowire is only stable within the forced boundary conditions of the carbon nanotube shell. The motion observed within the carbon nanotube could be therefore due to solid-state diffusion caused by atomic rearrangement from an unstable phase of the GeTe filling, when the electron beam slightly damages the encapsulating nanotube, to a more stable morphology.
At the final stages of the irradiation experiment, the remaining material observed at the bend can be regarded as an irregular-shaped nanoparticle with a varying size of approximately 0.5 to 0.75 nm wide and between 1 and 1.5 nm in length. Structural modifications are constantly observed for the encapsulated GeTe, and both disordered, as well as ordered structures are found, seemingly correlated with the change in shape of the confining space, as illustrated in Figure  5g −i. Amorphous phases of GeTe are evidenced in Figure 5g and inset panel, and the visualization of the first GeTe structural ordering of the series is given in the next consecutive image (Figure 5h) , where lattice planes of approx 0.28 nm across and 0.35 nm along the capillary, marked on the inset panel, are visible. These values are very close to the values estimated for the 2 × 2 GeTe rocksalt crystal encapsulated within a nanotube of 1.3 nm diameter presented in Figure 2a with the difference due to the difference in size of the confining space that appears to favor an incipient 3 × 3 GeTe rocksalt crystal (Figure 5h ). The crystal seeds disappear later to form again an amorphous structure, as indicated in Figure 5i . It is important to note that even though transient the encapsulated GeTe shows the ability to change phase and crystallize at dimensions less than 2 nm, contrary to previous studies, and extending the size limit to explore associated scaling properties for phase-change memory devices. The conditions of our current experimental study do not enable a clear quantification of the phase-change process in terms of the amorphous-to-crystal transition temperature or melting point associated with a size of 1 nm, since the specimen is subject to continuous electron-beam irradiation and additional factors, such as knockon related effects, causing constant changes in the nanotube's shape, which influence the outcome.
As highlighted in Figure 5 and throughout the entire duration of the electron irradiation experiment, we observe contraction behavior of the encapsulating nanotube caused by knocking carbon atoms out, followed by atomic lattice reconstruction. The nanotube preserves the overall L shape, however small variations in diameter and constant changes in its shape at the bend region are observed even at 80 kV acceleration voltage. Although the knock-on structural threshold damage for carbon nanotube systems is known to be approximately 86 keV, 50 the variations observed could be due to strain associated with the bend or possibly due to growth defects existent in the nanotube's atomic network (such as pentagon−heptagon pairs) that render the "L" shape. Previous studies showed that the deformation of nanotubes filled with Fe 3 C under electron irradiation caused extrusion of the filling material under the pressures prevailing inside nanotubes. 42 The pressure inside a single shell was estimated at 20 GPa for a (10, 10) carbon nanotube (diameter 1.35 nm, similar to our investigated diameter range) with a double-vacancy concentration of 0.06. Similarly, the structural changes we observe in the current study could be due to pressure-induced compressive forces associated with changes in shape of the nanotube and of the bent region.
It should be pointed out that the images in Figure 5 are timeresolved images, that is, they are showing the phase change behavior as a result of extended beam irradiation. This is in contrast to images shown in Figure 2 that are "single shot" images, presumably if these were held in the beam for longer, the crystal structure would degrade.
In conclusion, a phase change material with 1D structure has been obtained by filling the inner cores of nanometer diameter carbon nanotubes with GeTe, and the material was characterized. This methodology developed offers the advantage of a very small integrated structure in addition to a uniform morphology of the encased structures unlike catalyst-assisted vapor−liquid−solid synthesis methods that result in mixed morphologies (straight, helical, etc. nanowires). The catalystproduced structures often contain other impurities and always exhibit an oxide layer on the surface of the nanowire. The protective shell of the carbon nanotube prevents oxidation of the encapsulated nanowire and helps maintain the nanowire's chemical composition integrity due to the inertness of the surrounding nanotube.
The reduced dimensionality of the encapsulated GeTe presents the advantage of a lower melting point compared to that of the bulk material, and therefore is advantageous for lowering writing/erasing currents required for phase switching, should these structures be possible to integrate into memory devices. Our results further demonstrate that GeTe crystallizes in the rocksalt form within nanotube capillaries of diameters as low as 1.3 nm, below the predicted 2 nm limit for crystallization at this scale. In-situ TEM analysis shows rapid transformations of the encapsulated GeTe structure under the influence of electron-beam irradiation. Amorphous to crystalline changes are evidenced at this scale, fulfilling an important prerequisite of a phase-change material, with reversible switching between the disordered and ordered phases.
The current study shows evidence for the smallest phasechange material synthesized to date and extends the size limit to explore the suitability of this material for nonvolatile memory devices. 
